We estimated rates of heterotrophic bacterial and phytoplankton uptake of nitrate, ammonium, and urea using 15 N-labelled nitrogen and specific metabolic inhibitors of prokaryote and eukaryote nitrogen metabolism in the surface waters of the North Water (northern Baffin Bay) during autumn that were characterized by the absence of cyanobacteria (comprising prochlorophytes). The percentage of nitrate þ ammonium uptake by heterotrophic bacteria ranged between 44 and 78% of the measured total uptake and was the highest when the phytoplankton biomass was relatively low (,2 mg Chlorophyll a L
. Estimates of new production computed from phytoplankton carbon uptake and f-ratios may be strongly overestimated in regions where nitrate uptake by heterotrophic bacteria is high and the biomass of phytoplankton is low.
I N T RO D U C T I O N
For .40 years, the 15 N technique has been used to make estimates of phytoplankton uptake of nitrogen in the sea. Since the classic papers of Dugdale and Goering (1967) and Eppley and Peterson (1979) , the uptake of 15 N-labelled nitrate, ammonium and urea has been used to estimate new and regenerated production in the euphotic zone. The uptake of nitrate has been used to estimate the phytoplankton production that is due to steady-state import of allochthonous nutrient, which over large temporal and spatial scales is equivalent to downward export of organic carbon from the euphotic zone (Dugdale and Goering, 1967; Eppley and Peterson, 1979) . The ratio of nitrate uptake to total N uptake (i.e., nitrate:[nitrate þ ammonium þ urea]) is one of several methods for the estimation of the f-ratio, which is usually defined as the ratio of new:total production (Eppley and Peterson, 1979) . The f-ratio can then be used to compute new production from total phytoplankton carbon production e.g., f-ratio Â autotrophic 14 CO 2 (Eppley and Peterson, 1979) . New production calculated from this relationship assumes that only autotrophic plankton take up dissolved inorganic nitrogen and urea. However both autotrophic and heterotrophic plankton are retained on glass-fiber filters (i.e., Whatman GF/F with a nominal retention size of about 0.7 mm). If these filters retained heterotrophic plankton that also take up 15 N-labelled substrates, the estimates of new production based upon f-ratio Â autotrophic studies reviewed by Kirchman (Kirchman, 2000) that report measurements of inorganic nitrogen uptake by heterotrophic marine bacteria showed that they account for an average of 78% and 32% of the total ammonium and nitrate uptake, respectively. At the time of Kirchman's review, the role of heterotrophic bacteria in the cycling and uptake of inorganic nitrogen had been studied in relatively few regions. However, if these results are representative of heterotrophic bacterioplankton in general, their contribution to total nitrogen uptake would alter the magnitude of the estimates of new production computed from f-ratio and primary production and the subsequent interpretation of the relationships among export, new and primary production and food web characteristics (Kirchman et al., 1992) .
Because of the difficulty in physically separating small phytoplankton from heterotrophic bacteria in natural samples, metabolic inhibitors have been used to partition the relative contributions of eukaryotes and prokaryotes to nutrient cycling in marine and estuarine systems (Wheeler and Kirchman, 1986; Middelburg and Nieuwenhuize, 2000a, b) , in sea ice (Harrison et al., 1990) and sediments (Hondelveld et al., 1999) . Cycloheximide (CHI) inhibits the function of the 80-S ribosome of eukaryotes, preventing cytoplasmic protein synthesis (Vasquez, 1974) , whereas streptomycin (SM) specifically inhibits protein synthesis on the 70-S ribosome leading to the misreading of the genetic code in bacteria (Jacoby and Gorini, 1967) . Although interpreting the results of metabolic inhibitor studies can be somewhat equivocal due to incomplete inhibition of the target groups (Oremland and Capone, 1988) , they were successfully used to partition autotrophic and heterotrophic activity when physical separation of these trophic components is not possible (Middelburg and Nieuwenhuize 2000a, b) . Here, we used metabolic inhibitors to partition the uptake of nitrate, ammonium and urea between prokaryotic and eukaryotic components of the plankton community in the surface waters in the North Water during autumn 1999.
The North Water is the largest polynya in the Northern Hemisphere and is located in Smith Sound and the northern part of Baffin Bay. Polynyas are regions of open water (or reduced ice-covered) in an otherwise icecovered ocean. The absence of sea-ice from early spring results in daily primary production rates among the highest recorded in marine systems (Smetacek and Nicol, 2005) and new production computed from f-ratio Â autotrophic 14 CO 2 uptake of ca. 7.7 mol C m 22 year 21 , which is among the highest reported for polar ecosystems (Klein et al., 2002) . Furthermore, the surface waters of the North Water area are characterized by relatively high heterotrophic bacterial growth rates (0.11-0.39 day 21 ), and the flux of organic carbon that is channeled through the bacteria in the upper water column in summer is high (Middelboe et al., 2002) . In this paper, we estimated the potential for heterotrophic bacteria to take up inorganic nitrogen and discuss the possible implications for the calculation of f-ratios and new production in polar waters. (Table I ). Typically one experiment was performed at each station.
M AT E R I A L A N D M E T H O D S
Samples were filtered (,13.3 Pa) through precombusted (5008C for 5 h) Whatman GF/F glass-fiber filters and the filtrate was analysed immediately for ammonium (NH 4 þ ) using the method of Solórzano (1969) . The remainder of the filtrate was frozen at 2808C for the ) using a Technicon II Autoanalyzer and urea by the diacetyl monoxime method (Price and Harrison 1987) . In addition, at each station, a seawater sample was filtered on Whatman GF/F for the fluorometric determination of chlorophyll a (Chl a) and pheopigments. Samples were extracted for 24-h in 90% acetone at 48C (Parsons et al., 1984) .
The net nitrogen uptake rates (hereafter referred to as N uptake rates) were estimated at all the sampling stations by the stable isotope method (Dugdale and Wilkerson, 1986 N-urea and the incubation bags were submerged at 0.10 m in ondeck incubator with flowing surface seawater and under natural irradiance during the 4-h incubation with 15 N. The relative contributions of heterotrophic bacteria and phytoplankton to the NO 3 2 , NH 4 þ and urea uptake rates were estimated using the prokaryotic and eukaryotic metabolic inhibitors SM and CHI, respectively. The correct concentrations of combined inhibitors and incubation time should be investigated from one system to another to achieve the specific required effect of inhibitors on micro-organisms (Sherr et al., 1986) . Following a protocol described in Harrison et al. (Harrison et al., 1990) for the same geographical area as the present study, inhibitors were added at a final concentration of 25 mg L 21 ca. 1 h before the addition of 15 N tracers. We assumed that a 1-h preincubation was sufficient for inhibitors to be effective on targeted N metabolism (Wheeler and Kirchman, 1986; Harrison et al., 1990) . Samples were also incubated without inhibitors (i.e., control: CONT) and the hourly rates of N uptake with metabolic inhibitors were compared with those without inhibitors. At the end of the incubations, samples were filtered onto Whatman GF/F filters and stored at 2808C for up to 9 months, until analysis. Incubations without replicates were carried out without inhibitors (CONT) and with CHI and SM addition at three stations (38, 43 and 50), whereas incubations with duplicates were carried out with CONT and with CHI addition only, at two stations (50A and 72).
Ambient dissolved N concentrations were generally low during this study (,0.1 mmol L 21 for NH 4 and urea), therefore, isotope additions equaled or exceeded ambient concentrations. Isotope additions at concentrations .10% of ambient dissolved N concentrations may have enhanced 15 N rates if uptake was N-limited and resulted in an overestimation of in situ N uptake rates due to the 15 N enrichment. We evaluated the potential effect of substrate enhancement on N uptake rates measured without inhibitors (CONT) only, according to MacIsaac and Dugdale (MacIsaac and Dugdale, 1972) . We used half-saturation constants (Ks) for nitrate, ammonium and urea (Ks ¼ 0.9, 0.2 and 0.3 mM, respectively) obtained for the total plankton community (bacteria þ phytoplankton) in northern Baffin Bay in summer (Smith and Harrison, 1991) and values (Ks ¼ 0.2, 0.1 and 0.1 mM, respectively) obtained for low (,1 mM) ambient nitrate concentrations in the Barents Sea (Kristiansen et al., 1994) . Our rates of N uptake were overestimated by an average of 65 + 41% and 43 + 30% when using Ks from Smith and Harrison (Smith and Harrison, 1991) and Kristiansen et al. (Kristiansen et al., 1994) , respectively. However, this overestimation may in turn have been balanced by the potential isotope dilution effect that may underestimate uptake rates. We evaluated the potential isotope dilution effect only for NH 4 measurements in CONT, based upon the model of Kanda et al. (Kanda et al., 1987) . The total NH 4 uptake rates were underestimated by an average of 9 + 13% and 22 + 33% when we assume that NH 4 regeneration rates equal or are twice uptake, respectively, as usually observed in marine systems (Kanda et al., 1987) . Isotope dilution effects on urea and NO 3 uptake are not well known but are probably less important than for NH 4 (Harrison et al., 1985) . Therefore, nitrogen uptake rates in the present study were potentially overestimated due to a greater effect of 15 N enrichment than that of the isotope dilution.
Samples were dried at 608C for 24 h, pelleted and analysed for 15 N: 14 N isotope ratios and particulate organic nitrogen using a mass spectrometer (Delta Plus, Thermo Finnigan Mat) coupled with an elemental analyzer (CE TM Instrument model 1110). Absolute nitrogen uptake rates (rN) were calculated using the equation of Dugdale and Wilkerson (Dugdale and Wilkerson, 1986) and expressed in nmol L 21 h 21 .
Measurement errors for
15 N uptake rates were estimated from the pooled duplicates in CONT without inhibitors; the average was 17%, which is similar to measurements errors reported for classical measurements of 15 N uptake (i.e., without inhibitor additions) (Harrison et al., 1985; Dugdale and Wilkerson, 1986) . The errors were smaller when uptake was inhibited with CHI addition, averaging 10%.
Previous studies of retention of bacteria on precombusted GF/F filters estimated $47% of total cell abundance with an average equivalent spherical diameter ranging from ca. 0.4 to 0.5 mm were retained (Lee and Furhman, 1987) . Based on measured bacterial cell sizes, 53-77% of total free living bacteria sampled in surface waters during our study were !0.7 mm and 18-39% ranged between !0.4 and ,0.7 mm (H. Bussey-Evans, pers. comm.). Therefore, we assume that the GF/F filters used here retained 100% of bacterial cells !0.7 mm (i.e., ca. 70% of total cells) and 50% of cells with size between 0.4 and 0.7 mm (i.e., ca. 10% of total cells). Hence, we estimated that 80% of total free living bacteria were retained on Whatman GF/F filters during this study. Samples for heterotrophic bacterial abundance were preserved with particle-free glutaraldehyde (2.0% final concentration) and stored at $48C until slide preparation. Bacteria were filtered onto Poretics black polycarbonate 0.2 mm membranes, stained with Acridine Orange and stored at 2208C until counting under a BH2-RFC Olympus epifluorescence microscope at a magnification of 1250 Â using blue-light excitation (BP440, DM455, AFC þ Y475).
R E S U LT S A N D D I S C U S S I O N Methodological aspects
Since phytoplankton and heterotrophic bacteria often have an overlapping size range, physical separation based on selective filtration is ineffective, and the use of specific inhibitors provides an alternative approach to partition the relative roles of these plankton groups. We recognize that metabolic inhibitors may interrupt food web interactions between heterotrophic bacteria and eukaryotes ( phytoplankton, and protistan and crustacean zooplankton) that supply substrates and thus may confound the interpretation of N uptake rates. The trophic specificity of the two inhibitors was assessed by comparing nitrogen uptake rates (rN) measured without metabolic inhibitors (CONT) with the sum of rN measured with individual additions of CHI and SM. The relationship was linear (Model II; Reduced Major Axis) and significant with a slope that was not significantly different from 1 (Fig. 1) . The relationship shown here suggests that CHI plus SM completely inhibited plankton N uptake. Thus, CHI and SM appear to inhibit plankton N uptake with a minimum overlap of the targeted trophic groups. This implies that during the incubations, the eukaryote metabolic inhibitor did not significantly reduce the N uptake of heterotrophic bacteria, and conversely, the prokaryote metabolic inhibitor did not significantly reduce the phytoplankton N uptake. Based upon flow cytometry and detection of pigments fluorescence of single cells from surface samples collected in the NOW during the same study in September, autotrophic prokaryotes (i.e., cyanobacteria comprising prochlorophytes) were not detectable (Mostajir et al., 2001) . This observation combining with those made earlier in the same area show the scarcity of cyanobacteria in North Water Polynya throughout the year (Lovejoy et al. 2002; Vidussi et al. 2004 ). Hence, heterotrophic bacteria (from 0.11 to 0.27 Â 10 9 cells L 21 ) were the only planktonic prokaryotes that were detected in the low-nutrient NOW surface waters during fall (Table II) . Therefore, the N uptake rates measured with SM and CHI were due exclusively to eukaryotic phytoplankton and heterotrophic bacteria.
Phytoplankton and bacterial N uptake
The uptake rates of nitrate, ammonium and urea measured separately for the bacterial and phytoplankton fraction were significantly different (Wilcoxon signed-rank test, P , 0.05, n ¼ 5) from those measured in CONT and [CHI þ SM] treatments for the total community (r TOT ). Furthermore, difference (expressed as %difference) in N uptake rates between the CONT and inhibitor treatments (i.e., median ¼ 56%, 25th-75th quartiles ¼ 32-70%, n ¼ 9) was usually greater than measurement errors (10-17%), suggesting a significant effect of inhibitors on N uptake. Due to logistic and water sampling constraints, experiments were started at different time of the day (Table I) . We statistically compared (Mann -Whitney U-test) the values measured during the day (stations 38, 43 and 50A) with those measured during the night (stations 50 and 72). No significant day versus night effect (P . 0.05) was observed for (i) bacterial and phytoplankton contribution to total community hourly N uptake rates (i.e., bacterial þ phytoplankton fractions) and (ii) the contribution of each N source to the sum of hourly N uptake (i.e., r sum ¼ rNO 3 þ rNH 4 þ rurea) for bacterial and phytoplankton fractions. The lack of a diurnal effect suggests that both bacterial and phytoplankton N uptake were not light dependent during our study where the daylight period varied from 10 h to 12 h (M.-E. Garneau, pers. comm.). Table III shows that urea accounted for up to 16% of total community r sum and most of uptake was by phytoplankton (58-95%). In contrast, ammonium accounted for 30-58% of total community r sum and 43 -80% of the total ammonium uptake was by heterotrophic bacteria. This suggests that the phytoplankton contribution to the N regenerated production was smaller than heterotrophic bacteria in the NOW surface waters. This is consistent with Harrison et al. (Harrison et al., 1990) who reported that ammonium uptake by heterotrophic bacteria is a large and significant fraction of the N uptake in sea-ice microbial communities in the Barrow Strait (Canada). Kirchman (Kirchman, 2000) summarized selected studies from geographically diverse regions and reported that the fraction of total ammonium uptake by heterotrophic bacteria can be large (median ¼ 40%, range ¼ 15-75%). Our results allow these earlier observations to be extended to Arctic waters and support previous studies performed in the Barents Sea reporting a large contribution of picoplankton (,0.8 mm) to the total NH 4 uptake (Kristiansen et al., 1994; Allen et al., 2002) .
In our study, nitrate accounted for 38-54% of total community r sum and it was mainly taken up by phytoplankton (59 and 68% of total rNO 3 2 ) when Chl a concentrations were .2 mg L 21 (i.e., stations 38 and 72, respectively). In contrast, nitrate was mainly taken up by heterotrophic bacteria (51-95% of total rNO 3 2 ) when Chl a concentrations were ,2 mg L 21 (i.e., stations 43, 50, and 50A). A substantial contribution of heterotrophic bacteria to total nitrate uptake was reported in earlier studies in marine waters at high latitudes (i.e., sub-Arctic Pacific and Atlantic and Arctic waters) where the contribution of cyanobacteria to total phytoplankton biomass is usually very low (Murphy and Haugen 1985 , Gradinger and Lenz 1989 , 1995 . Kirchman and Wheeler (Kirchman and Wheeler, It is assumed that SM inhibits N uptake by heterotrophic bacteria and CHI inhibits N uptake by phytoplankton. The contribution of phytoplankton and heterotrophic bacteria to the N uptake by the total community is shown within parentheses for each N-species. E. FOUILLAND ET AL. j UPTAKE OF NITROGEN BY ARCTIC PLANKTON 1998), using 0.8 mm size fractionation with no Chl a detected in this fraction, reported that heterotrophic bacteria may take up significant amounts of nitrate in the nitrate-rich waters of the eastern sub-Arctic Pacific, and Allen et al. (Allen et al., 2002) suggested that heterotrophic bacteria are more important in the utilization of nitrate (and ammonium) near ice-covered Arctic areas than in open Atlantic waters.
Other studies in temperate coastal and oceanic waters (Atlantic waters) reported estimates of nitrate uptake by heterotrophic bacteria using mainly size fractionations (1 or 2 mm) corrected for autotrophic N uptake from size fractions contribution to total CO 2 uptake or Chl a concentrations. These studies have also documented a large (up to 70%) contribution of heterotrophic bacteria to the total nitrate uptake when autotrophic biomass and activity was low (Harrison and Wood, 1988; Rodrigues and Williams, 2002) . This pattern, of a large contribution of bacteria to nitrate uptake in low Chl a waters, appears to be quite general as is shown in Fig. 2 that summarizes bacterial uptake of nitrate (expressed as a fraction of the total nitrate uptake) from studies carried out in temperate and polar areas where the contribution of cyanobacteria to total phytoplankton biomass is not significant. Although the fraction of nitrate uptake by bacteria is variable (Fig. 2) , especially when Chl a is 2 mg L 21 (median ¼ 25%, 25th-75th quartiles ¼ 14-40%, n ¼ 43), there is a clear trend of a decline in the role of bacterial uptake of nitrate when Chl a is . 2 mg L 21 (median ¼ 15%, interquartiles ¼ 7 and 32%, n ¼ 9).
Nitrate uptake by heterotrophic bacteria in marine waters: an attempt at generalization
In oligotrophic waters where phytoplankton biomass and production is dominated by cyanobacteria (e.g., tropical areas), we acknowledge that these autotrophic bacteria may make an important contribution to total nitrate uptake. However, some species of cyanobacteria such as Prochlorococcus spp. are not able to utilize nitrate (Moore et al., 2002) . Furthermore, light-dependent N assimilation by cyanobacteria may be reduced under well-mixed conditions and they may degrade their pigments as an internal N source under N deprivation (Wyman et al., 1985) , preventing them assimilating energetically costly nitrate. Therefore if the pattern, of a large contribution of heterotrophic bacteria to nitrate uptake in low productive waters, holds when phytoplankton biomass production is mainly due to cyanobacteria, this suggests that (i) heterotrophic bacteria may successfully compete with phytoplankton (comprising cyanobacteria) for both nitrate and ammonium, especially in unproductive waters and (ii) the uptake of inorganic nitrogen by heterotrophic bacteria will have an important impact on the estimation of N uptake, f-ratios and, consequently, on estimates of new production, especially in low chlorophyll waters. Since the average Chl a concentration of the World Ocean is 0.33 mg L 21 (Behrenfeld and Falkowski, 1997) , heterotrophic bacterial uptake of nitrate and their impact on estimates of new production could be important on global scales.
Consequences for the estimation of the f-ratio
New production is often computed as the product of the f-ratio and net primary production or of rNO 3 2 and C:N ratio of the particulate organic matter (Dugdale and Goering, 1967; Eppley and Peterson, 1979) . One of the key assumptions for both these approaches is that all Fig. 2 . Scatter plot of the relationship between the contribution of heterotrophic bacteria to total nitrate uptake (expressed as a percentage of bacterial rNO 3 to plankton community rNO 3 ) versus chlorophyll a concentration for eight studies from different marine ecosystems.
a Harrison and Wood (Harrison and Wood, 1988 ) using size fractionations (1 mm) corrected for ,1 mm phytoplankton N uptake from ,1 mm fraction contribution to total CO 2 uptake. b Kirchman et al. (Kirchman et al., 1994) using size fractionations (0.8 mm) corrected for phytoplankton N uptake from ,0.8 mm fraction contribution to total Chl a concentrations. c Lipschultz (Lipschultz, 1995) using size fractionations and cell sorting by flow cytometry.
d Kirchman and Wheeler (Kirchman and Wheeler, 1998) using size fractionations (0.8 mm) with no Chl a detected in ,0.8 mm fraction. Chl a concentrations were reported in Welschmeyer et al. (Welschmeyer et al., 1993) . e Allen et al. (Allen et al., 2002) using size fractionations (0.8 mm) with no Chl a detected in ,0.8 mm fraction. Chl a concentrations were reported in Reigstad et al. (Reigstad et al., 2002) .
f Rodrigues and Williams (Rodrigues and Williams, 2002 ) using size fractionations (2 mm) corrected for phytoplankton N uptake from ,2 mm fraction contribution to total Chl a concentrations. JOURNAL OF PLANKTON RESEARCH j VOLUME 29 j NUMBER 4 j PAGES 369-376 j 2007 dissolved inorganic N is taken up only by phytoplankton (Dugdale and Goering, 1967) . At over half of the stations (43, 50 and 50A), bacteria accounted for .50% of the total nitrate uptake and the fraction of nitrate (i.e., rNO 3 2 :r sum , equivalent to f-ratio) measured for the total community (0.39 -0.43) was up to sevenfold higher than for phytoplankton N uptake only (0.06-0.41). In contrast, when the contribution of heterotrophic bacteria to total nitrate uptake was smaller (stations 38 and 72), the fraction of nitrate measured for the total community (0.38 and 0.54, respectively) was 16-22% lower than for phytoplankton N uptake only (0.49 and 0.64, respectively). The latter observation is explained by the high contribution of heterotrophic bacteria to total NH 4 uptake (43-80%) and consequently low phytoplankton contribution (20-39%), measured at all the stations. Therefore, the fraction of nitrate measured for the total community was lower than that measured for phytoplankton when heterotrophic bacteria contributed little to total nitrate uptake but significantly to total ammonium uptake. The f-ratio is a community-based parameter and can be used as a proxy for estimating new production only over large spatial and temporal scales (Eppley and Peterson, 1979) . Our results suggest that the new production computed from the product of the f-ratio and rate of net primary production may be biased due to the heterotrophic uptake of inorganic nitrogen.
Our results clearly show the importance of inorganic nitrogen uptake by heterotrophic bacteria and its consequences for the interpretation of both inorganic and organic nitrogen cycling and dynamics and for estimates of biogenic carbon export, based on new production computed from inorganic nitrogen uptake. Failure to consider the role of heterotrophic bacteria in the cycling and regulation of these important ecosystem properties may limit our understanding of the fundamental processes that regulate biogeochemical cycles in the ocean. These findings may be of particular relevance in high latitude marine regions where the contribution of cyanobacteria (comprising prochlorophytes) may be small. It is conceivable that such a trend may also hold for tropical oceanic areas that are characterized by overall low phytoplankton biomass and production, but have a predominance of cyanobacteria. Future investigations in such waters will require the development of an adequate new method for assessing the cyanobacterial contribution to N partitioning among the microbial community. Thus, our study also highlights the need for development of an ocean-wide data set for nitrogen uptake by heterotrophic bacteria and phytoplankton.
